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RÉSUMÉ

Wind Doppler coherent lidars based on pulsed single frequency fiber sources are usually limited by SBS (stimulated Brillouin Scattering) in the final fiber booster. This nonlinear effect limits the peak power achievable to around 50-100W in singlemode fibers, 200-300W in commercial LMA (large mode area) fibers and up to 2kW in specialty fibers. Onera has developed a patented SBS mitigation technique using compressive strain on fibers. This technique has been applied to a singlemode fiber amplifier and a peak power of up to 300W has been generated before the arising of SBS. This peak power is comparable to LMA fiber booster performances with additional advantages: the singlemode geometry allows using standard telecom fiber components and optimizes coherent mixing with the singlemode local oscillator. We present the details of this technique, the achieved laser performances and tests results of a lidar using this compressive-strainedsource.
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INTRODUCTION

Coherent wind Lidars are increasingly used for wind measurement and turbulence assessment with applications in wind farm projects optimization or aircraft security during take-off and landing. Laser pulses are emitted through the atmosphere and wind speed is measured using Doppler-induced frequency shift on the backscattered laser light. [START_REF] Canat | Optic fiber amplifier having a high Brillouin threshold and method for making such an amplifier[END_REF] Laser sources with excellent spatial beam quality, narrow linewidth and typical pulse duration ranging from ~100 ns to 1 µs are required. Pulsed master oscillator power fiber amplifiers (MOPFA) at 1.5 µm are well adapted, versatile sources but with peak power limited in typical fibers to a few 100s W by nonlinear effects especially Stimulated Brillouin Scattering (SBS). SBS limits the peak power achievable to around 50-100W in singlemode fibers, 200-300W in commercial LMA (large mode area) fibers and up to 2kW in specialty fibers. Onera has developed a several patented SBS mitigation techniques using compressive strain on fibers.

SBS MITIGATION IN SINGLEMODE FIBERS BY COMPRESSIVE STRAIN GRADIENT

The first technique consists of a mechanical structure applying tensile strain distribution along the fibre length [START_REF] Canat | Optic fiber amplifier having a high Brillouin threshold and method for making such an amplifier[END_REF]. The second patented technique we developed is based on a compressive strain distributed along the fibre [START_REF] Canat | Device comprising an optical fiber having a high Brillouin threshold and method for manufacturing such a device[END_REF]. This technique reduces considerably the fibre aging. The principle of the compression technique is presented in Fig. 1 left. We place the fibre in a plastic tube and elongate the tube of a certain percentage of its initial length. The next step is to glue the fibre in the tube and release the tube in order to recover its initial length. By doing so, we apply a longitudinal compressive constraint on the fibre. Fig. 1 right presents the peak power and pulse energy that we obtained with this amplifier. The compressive strain gradient allowed us to reach 385 W peak power instead of the 120 W limit corresponding to 𝑃 "#" without strain. We then achieved an increase of 5.1 dB on the SBS threshold resulting in a 385 W single mode fibre amplifier whereas commercial ones are limited to powers below 100 W [3 [START_REF] Canat | Optic fiber amplifier having a high Brillouin threshold and method for making such an amplifier[END_REF][2]. The amplifier is spliced to a 15 cm long PM1550 single mode pigtail to allow transport of the optical power at the end output.

Thanks to this technique, we built a high peak power, 1.5µm compressive-strainedsinglemode fiber amplifier with the performances of a LMA fibre amplifier and the advantages of a singlemode fiber amplifier: beam quality and direct splice to further standard singlemode components.

To perform Lidar tests with this amplifier, we replaced the output single mode pigtail by a fiber polarization beam splitter. In this configuration and for 200-ns pulses, the output peak power is 160W, currently limited by SBS in fiber cords of polarization beam splitter and the pulse energy is 35 µJ.

DOPPLER LIDAR TESTS

In order to compare the compressive-strained-singlemode fiber (CSSF) amplifier and the LMA fiber amplifier performances in a lidar configuration, we have replaced the LMA fiber amplifier (fig. 2) by the CSSF amplifier (fig. 3) in a standard coherent wind lidar configuration. Aerosols present in the atmosphere will backscatter a very small part of the laser beam. Thanks to a quarter waveplate, the backscattered beam is separated from the output beam on a polarizing beam splitter and coupled into a singlemode fiber. The coupled light is mixed with the local oscillator and the resulting light is detected for further signal processing. In the case of CSSF amplifier, a fiber circulator can advantageously replace the polarizing beam splitter, associated collimators and quarter waveplate thanks to the fact that the EDFA output fiber is singlemode and compatible with standard components.

Fig. 2 Principle of a wind lidar using a LMA fiber amplifier. AOM : acousto-optic modulator ; EDFA : erbium doped fiber amplifier ; QWP quarter waveplate ; PD photodiode. The quarter wave allows coupling of backscattered light to collection fiber optics. The dashed rectangle delimits the amplifier and optics to be replaced by a CSSF amplifier and a fiber optical circulator. Fiber paths are represented in black, free-space emission in red and free-space backscaterred light in blue.

Fig. 3 LIDAR setup with CSSF laser source and a fiber polarizing beam splitter. Fiber paths are represented in black, free-space emission in red and free-space backscaterred light in blue. The backscattered signal is acquired for each pulse, and its frequency shift is analyzed for various distances, ranging from 100 to 2000 m, using the following procedure. A power spectral density (PSD) is computed for each distance and laser shot. Then PSDs are averaged for 1,000 shots, corresponding to 0.1 s acquisition time, resulting in PSDs, ready to be analyzed for Doppler shift. PSD analysis includes an estimation of the wind speed through a polyfit [START_REF] Lombard | Performance of Frequency Estimators for real time display of long range Lidar wind map[END_REF]. The estimated wind speeds are reported on fig. 4. Fig. 5 shows the estimated wind speed at range 400m and the log of the power spectral density (PSD) versus frequency. On the PSD log-log graph we can visualize the -% & slope of the wind turbulence, and the flat level of the estimator noise [START_REF] Frehlich | [END_REF]. The vertical axis value is expressed in terms of equivalent wind speed variance (the PSD value has been integrated over the band). For this distance, the experimental wind speed accuracy is 0.06m/s for 0.1s acquisition time.

CONCLUSION

We have developed a CSS amplifier with a peak power comparable to LMA fiber booster performances with additional advantages: the singlemode geometry allows using standard telecom fiber components such as circulators and optimizes coherent mixing with the singlemode local oscillator. This CSSF amplifier has been implemented in a lidar. First tests show that compressive-strained-singlemode fiber based amplifiers are compatible with coherent lidars.
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Figure 1 :

 1 Figure 1 : (left) Principle scheme of the compression strain procedure patented by ONERA; (right) Output peak power and Pulse energy as a function of the pump power with and without applying the compressive strain gradient on the amplifier.

Fig. 4 :

 4 Fig. 4: wind speed obtained with polyfit estimator (ref CLRC2016) versus time and range.

Fig. 5 :

 5 Fig. 5: (left) wind speed versus time at range 400m. (right) Wind speed @ 400m PSD (blue), -5/3 slope Kolmogorov fit and noise floor (red).